INTRODUCTION
Triple-negative breast cancer (TNBC) has been associated with poor clinical outcomes [1] . To date, no molecular targeted therapy has proven effective in TNBC. Higher rates of pathologic complete response (pCR) have been observed in patients with TNBC than in those with other types of breast cancer, and TNBC patients who achieve pCR have excellent survival outcomes. In contrast, TNBC patients who have residual disease after neoadjuvant chemotherapy (NAC) have significantly poorer survival outcomes than patients without TNBC [2] . As TNBC includes NAC-sensitive and NAC-resistant subgroups that have different survival outcomes, the ability to predict patients who will achieve pCR or residual tumor after NAC may offer clinical advantages in the management of these patients.
The tumor proliferation marker Ki-67 has been associated with response to chemotherapy. Although high Ki-67 expression was found to correlate with increased rates of clinical response and pCR following NAC [3, 4] , the association between Ki-67 expression and outcomes in patients with TNBC has not been determined, and Ki-67 has not been compared with other putative biomarkers in the same patient cohorts. Purpose: Patients with triple-negative breast cancer (TNBC) with pathologic complete response (pCR) to neoadjuvant chemotherapy (NAC) have superior survival outcomes compared to those with residual disease after NAC. This study investigated the value of three biomarkers, p53, Ki-67, and Bcl-2 for predicting pCR in NAC-treated patients with TNBC. Methods: Between 2003 and 2012, 198 patients with pathologically confirmed primary TNBC were treated with two different taxane-based chemotherapeutic regimens prior to surgery. Before NAC, expression of p53 (cutoff 25%), Ki-67 (cutoff 10%), and Bcl-2 (cutoff 10%) was assessed immunohistochemically in core biopsy specimens. The incidence of pCR was correlated with the expression of these biomarkers. Results: Overall, pCR occurred in 37 of the 198 patients (18.7%). A significant association was observed between the pCR rate and overexpression of the p53 and Ki-67 biomarkers. Multivariate analysis showed that only p53 expression was independently associated with pCR to NAC (odds ratio, 3.961; p= 0.003). The sensitivity, specificity, positive predictive value, and negative predictive value of p53 expression for predicting pCR were 77.8%, 50.3%, 26.2%, and 90.9%, respectively. The pCR rate was the lowest (5.2%) in patients with low expression of both p53 and Ki-67, and it was the highest (25.8%) when both biomarkers showed high expression. Conclusion: Expression of p53 was significantly associated with pCR after NAC in patients with TNBC, suggesting that this biomarker might be particularly valuable in identifying TNBC patients prone to have residual disease after NAC.
Bcl-2 has been found to inhibit apoptosis induced by chemotherapeutic drugs, including doxorubicin, in cancer cells [5] . However, the significance of Bcl-2 expression in predicting sensitivity to chemotherapy has not been determined.
The tumor suppressor protein p53 (TP53) has many functions in multicellular organisms, including activating DNA repair proteins, regulating the cell cycle, and initiating apoptosis. In vitro studies in tumor cell lines treated with chemotherapy agents have shown that p53 is required for the efficient activation of apoptosis, suggesting that loss of p53 may enhance cellular resistance to chemotherapeutic agents. Several studies have reported that patients with p53 mutations showed poorer responses to chemotherapy than those with wild-type p53 status [6] , whereas other studies have reported conflicting results [7, 8] . The expression of p53 has not been successful as a predictive marker for response to NAC.
This study investigated the value of p53, Ki-67, and Bcl-2 expression for predicting pCR in NAC-treated patients with TNBC.
METHODS

Patients
The study cohort consisted of 198 TNBC patients, with a median age of 42 years (range, 24-71 years), who received NAC between January 2003 and September 2012, had known pathologic and clinical tumor responses, and from whom biopsy material was available for pathological evaluation. pCR was defined as the complete disappearance of invasive carcinoma cells in the breast and axillary lymph nodes after NAC (ypT0/is, ypN0). Patients with residual ductal carcinoma in situ were considered to have achieved pCR.
Treatment
Eighty ). Four patients who showed progressive disease during NAC received adjuvant chemotherapy, consisting of FAC (fluorouracil, doxorubicin, and cyclophosphamide) or CMF (cyclophosphamide, methotrexate, and fluorouracil) after curative surgery. Patients underwent either mastectomy or breast-conserving surgery at the discretion of the surgeon. Sentinel lymph node biopsies were performed unless contraindicated. If radiotherapy was indicated, it was administered after surgery.
This retrospective study protocol was reviewed and approved by the Institutional Review Board (approval number: 1003-020-311) of the Seoul National University Hospital. Because this study was performed using a total of 198 consecutive patients in our database, and involved no more than minimal risk for the subjects, the Institutional Review Board approved our request for the waiver of informed consent. This study followed the recommendations of the Declaration of Helsinki for biomedical research involving human subjects.
Immunohistochemistry
Pretreatment biopsy material was used for immunohistochemistry (IHC) analyses to avoid any effects of chemotherapy on the expression levels of the proteins. Pretreatment formalinfixed, paraffin-embedded tissue blocks were used for IHC. Estrogen receptor (ER), progesterone receptor (PR), human epidermal growth factor receptor 2 (HER2), p53, Bcl-2, and Ki-67 expression levels were evaluated by the avidin-biotin complex technique for IHC [6] . Tissue sections (4 μm thick) were cut from paraffin-embedded tissue blocks, deparaffinized in xylene, rehydrated with graded ethanol, and immersed in Trisbuffered saline. After antigen retrieval, the sections were incubated with primary antibodies as described [9] . Mouse monoclonal primary antibodies to ER (1:50), PR (1:50), p53 (1:1,200), Bcl-2 (1:50), and Ki-67 (1:800) were obtained from Dako Corp. (Carpinteria, USA), whereas antibody to HER2 (1:200) was obtained from Novocastra Laboratories Ltd. (Newcastle-Upon-Tyne, UK). Sections were subsequently incubated with biotinylated antimouse IgG antibody and streptavidin horseradish peroxidase (Zymed Laboratories, San Francisco, USA). High expression of Ki-67 was defined as expression in ≥ 10% of tumor tissues, as the 10% cutoff provided the best predictive value for prognosis in our institution [10] . Bcl-2 expression was judged positive when ≥ 10% of the nuclei and cytoplasm of tumor cells were stained. Pathological records in our institution are designated as either positive or negative for Bcl-2 expression. IHC positivity in ≥ 25% of the tumor cells was considered high expression. This value was almost equivalent to the cutoff provided by a previous study in our institution [1] . Tumors were regarded as negative for ER and PR expression when < 1% of the tumor cells showed nuclear staining. HER2 was considered negative when the HER2 score was 0 or 1+ upon IHC, or when the HER2 score was 2+ and HER2/CEP17 gene amplification was negative (as assessed by using fluorescence in situ hybridization). TNBCs were defined as ER-negative, PR-negative, and HER2-negative breast cancers.
Statistical analysis
The associations between the clinicopathological characteristics and pathological response after NAC were calculated using the chi-squared and Fisher exact tests. We used a stepwise regression model to approximate the risk ratio of achieving pCR in multiple regression analyses according to the baseline factors. Disease-free survival (DFS) was defined as the interval from the date of operation to the date when disease relapse or progression was first documented. Kaplan-Meier curves were generated to evaluate the DFS. All values were two-sided, and statistical significance was defined as p < 0.05. SPSS version 19.0 software (IBM Corp., Armonk, USA) was used for all statistical analyses.
RESULTS
Patient and tumor characteristics
Of the 198 patients, 123 (62.1%) presented with clinical stage III at the time of initial diagnosis and 63 (31.8%) presented with clinical stage IIB. Median tumor size was 4.3 cm (range, 0.8-9.8 cm), and 132 women (66.7%) underwent breast-conserving surgery. The relationships between pretreatment clinicopathological characteristics and expression levels of p53, Ki-67, and Bcl-2 are shown in Table 1 . None of these clinicopathological characteristics showed significantly different distributions according to the levels of these three biomarkers.
Relationships between the pCR rate and p53, Ki-67, and Bcl-2 expression After NAC, the complete absence of residual invasive carcinoma cells in the breast was confirmed by histological examination in 42 of the 198 patients (21.2%); however, five of these 42 patients had residual carcinoma cells in the resected lymph nodes. Therefore, 37 of the 198 patients (18.7%) achieved pCR. Of the clinicopathological factors assessed, the initial tumor size was found to be significantly associated with pCR, whereas overexpression of p53 and Ki-67 (Table 2, Figure 1 ), and high nuclear grade indicated a high likelihood of achieving pCR ( Table 2 ). The pCR rate was significantly higher in patients with high p53 expression (≥ 25%) than in those with low p53 expression (< 25%) (27.1% vs. 6.8%, p< 0.001), and it was almost significantly higher in patients with high Ki-67 expression (≥ 10%) than in those with low Ki-67 expression (< 10%) (19.5% vs. 5.9%, p= 0.056). In contrast, the level of expression of Bcl-2 was not significantly associated with the pCR rate. The sensitivity, specificity, positive predictive value, and negative predictive value of p53 expression for predicting pCR were 77.8%, 50.3%, 26.2%, and 90.9%, respectively. When p53 and Ki-67 were analyzed in conjunction, the pCR rate was the lowest (5.2%) in patients with low levels of both biomarkers, and it was the highest (25.8%) in patients with high levels of both ( Figure 2 ). Considering the independent significant factors and the clinically important chemotherapy regimens, multiple regression analysis showed that p53 expression was the only independent factor associated with pCR (odds ratio, 3.961; p= 0.003) ( Table 3 ). The group that achieved pCR tended to show superior DFS than the group that failed to achieve pCR ( Figure 3A) . However, expression of p53 alone could not pre- dict pCR prognosis accurately ( Figure 3B ).
DISCUSSION
Our finding that the degree of p53 expression in TNBCs was strongly associated with increased response to NAC is in agreement with the results of several previous studies [11] [12] [13] [14] [15] [16] . A meta-analysis of 26 studies also demonstrated the effectiveness of p53 expression for predicting the response to NAC in breast cancer [17] . Although that study found that increased expression of TP53 was associated with higher objective response and complete response rates, it had innate limitations, including different measurements of TP53 expression (protein or mRNA) and different cutoff values for TP53 overexpression by IHC and those obtained by gene amplification. Moreover, studies analyzing the predictive value of p53 were heterogeneous in patient characteristics, breast cancer subtypes, and chemotherapy regimens. Many of these clinical reports involved small cohorts, with inconsistent methods of measuring p53 expression. Moreover, most of these studies did not distinguish among patients with breast cancer subtypes, and study populations were treated with heterogeneous chemotherapeutic regimens.
Mutations in the TP53 gene have been observed more frequently in TNBCs than in other breast cancer subtypes. For instance, the frequency of TP53 mutations was found to be higher in basal than in luminal type tumors [18] . Several studies have shown that p53 is a marker of a more favorable response to NAC in patients with TNBC. For example, p53 overexpression was strongly correlated with pCR rate in TNBCs [19] , and mutant TP53 was identified as a major independent predictive factor of pCR in patients treated with anthracyclinebased NAC [20] .
In assessing tumor markers in breast cancer patients, we limited the study subjects to patients with the molecular TNBC subtype that responded to taxane-based NAC, thus avoiding any effects of a heterogeneous patient population. Our findings are therefore more reliable, in that p53 is predictive of pCR in patients with TNBC treated with taxane-based NAC.
Positive Bcl-2 expression has been associated with poor survival and reduced sensitivity to chemotherapy in patients with TNBC [21, 22] . Although we found that Bcl-2 expression was not significantly associated with pCR in TNBC patients, patients belonging to the Bcl-2-negative group tended to be more chemosensitive than those belonging to the Bcl-2-positive group. This finding is in agreement with previous results showing that Bcl-2 could not predict response to NAC [23] .
Univariate analysis showed an almost significant association between Ki-67 expression and pCR, consistent with the results of our previous study [15] . In multiple regression analysis, while Ki-67 could not be identified as an independent predictor of pCR, the combination of p53 and Ki-67 had greater predictive accuracy than p53 alone. No association has been reported between high Ki-67 expression and response rate [11, 24] , although high expression of Ki-67 was associated with higher response rate to NAC. The role of Ki-67 is not yet conclusive because of heterogeneous patient populations, small sample sizes, and different chemotherapeutic regimens in previous studies. In conclusion, this study was designed to assess whether the IHC markers p53, Ki-67, and Bcl-2 could predict the response to NAC in patients with TNBC. Our results indicate that the tumors with high p53 expression may respond better to taxane-based NAC. Measurement of these markers before starting NAC may assist in making treatment decisions and in predicting response to treatment.
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